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CURRENT HIGH-LEVEL WASTE SOLIDIFICATION TECHNOLOGY*
W. F. Bonner and W. A. Ross
Battelle, Pacific Northwest Laboratories
Richland, Washington

Abstract
Technology has been developed in the U.S. and abroad for solidification of
high-level waste from nuclear power production. Several processes have been
demonstrated with actual radioactive waste and are now being prepared for use
in the commercial nuclear industry. Conversion of the waste to a glass form
is favored because of its high degree of nondispersibility and safety.
FUEL CYCLE

INTRODUCTION
Nuclear power is rapidly assuming an important role
in the U.S. thrust for energy independence. About
60 nuclear reactors are now producing approximately
8% of the nation's total electricity. Projections
show that in 1985, five times this much commercial
nuclear power may be generated. There is concern
that the nuclear waste resulting from this power
generation may not be safely handled. This paper
discusses technology available for solidification
and safe handling of these wastes.

A simplified representation of the nuclear fuel cy
cle is presented in Figure 1. Fuel for nuclear
power reactors consists of tubes filled with en
riched uranium oxide pellets. These tubes are
bound in bundles and placed in the reactor. Here
bombardment of neutrons causes 235U and other nu
clides to fission into two smaller nuclei with the
emission of additional neutrons and energy. These
N U C L E A R FU E L C Y C LE

The nuclear power industry is unique in that its
development from the outset was based on overriding
concern for public health and safety. Technical
developments have been paralleled by developments
in safety analysis and procedures. Conservative
regulations based on international standards have
been adopted for personnel exposure, radionuclide
emissions and other plausible hazards. Also the
policy of nuclear regulatory agencies is to further
restrict hazards and emissions to "as low as prac
ticable" and thereby provide an additional margin
of safety.

FIGURE 1.

Nuclear Fuel Cycle - Annual
Operation of One Reactor

* This paper is based on work performed under U.S. Energy Research and
Development Administration Contract E(45-1):1830.
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neutrons in turn bombard other fissile nuclei and
continue the chain reaction. The energy released
in so doing is used to generate steam to produce
electric power. The two smaller nuclei are fission
products. These waste products are the source of
high-level waste.
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After about three years in a reactor, the fuel bun
dle is removed and sent to a reprocessing plant.
Here the tubes are chopped into short sections and
the oxide fuel is dissolved. Valuable uranium and
plutonium are extracted and recycled to produce
more fuel. The nonvolatile radioactive nuclides
are removed in the first-cycle extraction process
as high-level waste (HLW).
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FIGURE 2.

Principal Elements in High Level Waste

The amount of solidified HLW which will be gener
ated in the fuel cycle is quite small. As noted
in Figure 1, about one metric ton of uranium
(mostly 235U) is consumed in one year's operation
of a nuclear reactor. This ton of uranium produces
power for a city of about 750,000 people and re3
suits in the generation of 2m of solidified HLW.

The high radiation levels in the young wastes also
produce significant heat which must be considered
in designing the waste form and the processing
equipment. For example, thd heat generation rate
one year out of reactor is 70 watts per kilogram of
glass. However, the heat generation rate decreases
rapidly (with the radiation level) and is no longer
a consideration after 100-years.

WASTE CHARACTERISTICS

SOLIDIFICATION GOALS

High-level waste as it is generated in the repro
cessing plant is a nitric acid solution. It con
tains over 99.9% of the fission products, about 0.5
to 1.0 wt% of the uranium and plutonium, other ac
tinides, and chemicals added during reprocessing.
The various sources of chemicals are noted on the
periodic table in Figure 2. The HLW contains 39
elements in substantial quantities and many others
in small quantities. Some volatile elements are
separated in the reprocessing plant.

The main consideration of radioactive waste manage
ment is to isolate the wastes from our normal envi
ronment. Waste may enter the biosphere chiefly by
action of wind or water. Waste management systems
therefore emphasize reducing these potentials.

High-level waste is difficult to handle because of
its high radiation level. The high levels of radi
ation are produced as a result of converting a uranium atom with its long half-life H O years) into
two fission products with much shorter half-lives.
The radiation level of HLW thus decreases quite
rapidly with time. After 1000 years most of the
fission products have decayed and the radioactivity
in the waste has decreased by a factor of about
50,000. Most of the residual activity is then from
actinides.
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Federal regulations require that liquid HLW be con
verted to a chemically, thermally, and radiologically stable solid within five years of generation
and that the Federal government take custody of the
wastes within 10 years. It is anticipated that the
wastes will then be buried deep within a stable
geological site.
The cost of the total HLW management system is com
paratively low. Liquid storage, solidification,
solid waste storage, transportation, and placement
in a geologic formation are estimated to be 0.7% of
the total cost of nuclear power.
AVAILABLE SOLIDIFICATION PROCESSES
Solidification of high-level waste is an interna
tional concern. Consequently, many so-called
"nuclear" nations are preparing plans and processes

Excessive concentrations of sodium in the feed can
cause particle agglomeration. Currently expected
commercial waste feed compositions do not present
major problems in fluidized bed calcination.

for solidification and disposal of the waste. Some
of these plans are shown in Table 1. Most nations
plan to convert the waste to a vitreous (glassy)
form although other product forms are under consid
eration. The reader can find in Reference 1,
Section 6, more details on the major products and
processes throughout the world. Here we discuss
only the currently well developed processes under
consideration for use in the first commercial fuel

A collapsed bed is considered by many to be the
maximum credible accident in fluidized bed solidi
fication. If no corrective action is taken, a col
lapsed bed can result in a molten core surrounded
by sintered calcine. However, the vessel wall can
dissipate the decay heat by convection and radia
tion at wall temperatures well below the melting
point of the stainless steel. Furthermore, redun
dant cooling and bed dump systems designed into the
unit can prevent such an occurrence.

reprocessing plants.
TABLE 1,

International HLW Solidification Plans

Country
England
France

Product
Borosilicate Glass
Borosilicate Glass

Germany

Borosilicate or
Phosphate Glass
Borosilicate Glass
Undecided
Phosphate Glass

India
Japan
Russia

Process
Rising Level Glass
Rotary Kiln Calciner and
Continuous Metallic or
Ceramic Melter
Spray Calciner and Con
tinuous Metallic Melter
Rising Level Glass
Undecided
Liquid Fed Continuous
Ceramic Melter

FLUIDIZED BED CALCINATION WITH VITRIFICATION

FLUIDIZED BED CALCINATION
Much experience in fluidized bed calcination of
radioactive waste has been gained since the 1963
startup of the Waste Calcination Facility (WCF) at
the Idaho National Engineering Laboratory. Recent
ly pilot-scale testing with simulated commercial
HLW compositions has demonstrated the feasibility
of fluidized bed calcination with the restraints
imposed by this type of waste.
The fluidized bed calciner converts liquid waste
to a mixture of powdery solids and granules in the
size range 0.05-0.5 mm. The calcine density is
in the range 2.0-2.4 g/cc, and the specific volume
is nominally 40 S./MTU when processing simulated
commercial HLW. If calcine is to be stored di
rectly in sealed canisters, the calcined solids
would be stabilized (denitrated and dehydrated) at
about 900°C.
Fluidized bed calciners are reasonably flexible as
to the types of waste they can satisfactorily cal
cine. The feed should be concentrated enough to
permit particle growth (maintenance of bed inven
tory) to properly balance particle attrition.

When calcine produced in a fluidized bed calciner
is transferred directly into a post-treatment step
such as vitrification (glassification), nonconventional calciner operating techniques can be used.
This can eliminate many of the less desirable char
acteristics and requirements of conventional calci
nation. One such HLW calcination technique
developed at PNL is termed the continuous inert
bed process. Operation differs from conventional
fluidized beds in that inert particles (typically
sand) about 1/2 mm in diameter are continuously
added to and removed from the heated bed. Because
the inert particles are part of the chemicals re
quired for forming glass, their addition to the cal
ciner can simplify subsequent vitrification. With
this approach, calciner operability is significant
ly simplified because bed particle size control is
not required. A low inventory of fission products
can also be maintained in the bed. This not only
greatly reduces the consequences of a loss of cool
ing accident but also allows equilibrium to be
reached much faster. Diluting the calcine with
inert materials such as Si02 and continuously re
moving the bed material allows calcination of a
wide variety of wastes, even those containing up
to 1M sodium.
The calciner has been successfully coupled directly
to an in-can melter and indirectly to a continuous
ceramic melter to produce borosilicate glass.
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SPRAY CALCINATION WITH IN-CAN MELTING

ATOMIZING GAS

The mainline process in the ERDA-funded Waste Fix
ation Program at Battelle is the spray calciner
coupled to the in-can melter. This system has
proven simple and reliable for vitrification of a
wide variety of nuclear wastes, even those in which
over 90% of the cations are sodium. Over 1800 op
erating hours have been logged with the spray cal
ciner processing simulated HLW in both remote main
tenance hot cells and contact maintenance areas.
Feedrates of over 75 1 /hr have been achieved with
pilot-scale equipment. To date 20 engineeringscale canisters of in-can melted glass have been
produced; two of these were completed under radio
active hot cell conditions.
In the spray calcination/in-can melting process,
shown schematically in Figure 3, liquid waste is
sprayed into a hot, 700°C chamber. There it is
dried and converted to an oxide form (calcined) in
flight. Calcination time is extremely short. This
inhibits radionuclide volatilization and makes cal
cine holdup in the calciner essentially zero. The
volume of off-gas from the calciner is relatively
small. Vapors leave the calciner through sintered
stainless steel filters which retain over 99.9% of
the HLW solids. Calcine from the spray chamber
and filters drops directly into the in-can melting
canister. The fine spray calcine particles (mean
diameter 10 ym) react rapidly with the glass for
mers in the melter. In-can melting is simple:
the storage canister acts as the melting crucible.
The canister is heated to about 1050°C in a multi
zone furnace. Then calcined waste and glass for
mers (frit) are fed to the canister where they melt
to form glass. After the canister is filled, the
calcine and frit are diverted to another canister
in a parallel furnace, and the filled canister is
removed.
A spray calciner/in-can melter currently under con
struction is sized to vitrify the HLW from a 5
tonne/day reprocessing plant such as the Allied
General Nuclear Services, Barnwell plant. Working
closely with nuclear fuel reprocessors and ERDA,
Battelle is designing a similar facility to proto
type the equipment to be used in the first HLW
31 2
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FIGURE 3.

Spray Calciner/In-Can Melter Process

solidification facility.
is scheduled for 1979.

Startup of this equipment

CONTINUOUS CERAMIC MELTER
In 1973, Battelle began developing a joule-heated,
ceramic-1ined melter. This type of melter typi
cally exhibits low off-gas effluents, high capacity,
long life,and high glass quality. In 1975 an engi
neering prototype was held at temperature (1000 to
1300°C) continuously for 11 months. A total of 5
tonnes of glass was produced in intermittent oper
ation during this period. In January 1976 the
melter was restarted and is operating at the time
of this writing.
A joule-heated ceramic melter is simply a ceramiclined, glass-filled cavity in which electric ener
gy is dissipated in the molten glass between
immersed electrodes. For an ionically-heated
melter to operate, it must be brought to a temper
ature at which the glass becomes adequately

conductive. Thus a sacrificial element technique
has been developed for both initial startup and
restart with a frozen tank. After startup, cal
cine and frit are metered into the melter so that
several inches of incoming material cover the melt
surface. The cool layer helps reduce the loss of
semivolatile species. With the melter operating
2
this way, melting rates of over 2 kg/hr-m have
been observed. Sufficient heat can be transferred
in this type of melter to allow drying of the waste
as well as melting. Thus a separate calciner may
not be required; i.e., liquid waste can be fed di
rectly to the melter. With liquid feeding, frit
is added to the feed tank and the resulting slurry
is metered into the melter. Transfer of heat from
the molten pool flashes off the liquid and deni
trates the waste cations, leaving an oxide residue
which melts into the molten pool. Liquid feeding
a ceramic melter has shown that the capacity in
2
this mode is more than 0.4 kg of glass/hr-m . The
molten glass is drained off, periodically or con
tinuously, into a receiving canister through an
overflow drain. Steam, nitrous oxides and en
trained particulates are vented to a standard off
gas cleaning system. It is planned that by 1978
a HLW ceramic melter could be built, full-scale
with all the remote features required for actual
operations.

FIGURE 4.

FRENCH VITRIFICATION PROCESSES
Vitrification process research has been in progress
in France for over 15 years. During this time a
pot vitrification process termed PIVER was devel
oped at Marcoule and tested through the pilot-scale
radioactive phase. Since large commercial nuclear
fuel reprocessing plants require waste throughput
rates above that expected with the liquid-fed pot
system, another vitrification process incorporating
a rotary kiln calciner and continuous metallic
melter was developed. This equipment is shown in
Figure 4.

French AVM Vitrification Process

kiln walls. The kiln is about 3.6 m long and 27 cm
in diameter and is supported at each end by roller
bearings. Large static end-fittings provide a seal
for the rotating kiln. Calcine is discharged from
the lower end of the kiln directly into a continu
ous metallic melter. Glass frit is also continu
ously metered into the melter. The inductively
heated Inconel melter is about 35 cm in diameter
and 1 m tall . When the melt depth reaches a pre
determined level, the glass is allowed to flow
through a freeze valve into a product container.
One rotary kiln unit can calcine 30 to 40 &/hr of
concentrated liquid HLW. Thus two or three rotary
kiln units could calcine the HLW generated by a
5 tonne/day nuclear fuel reprocessing plant. Two
melters, each with capacity to produce about 20 kg
of glass per hour, may be connected to each kiln.
The rotary kiln calciner and continuous metallic
melter are currently being installed in a new hot
cell facility at Marcoule, France, termed AVM. Ra
dioactive startup is scheduled for 1977.

In this process concentrated liquid HLW is fed
into a heated, rotating kiln where it is dried and
calcined. The action of anti-stick feed additives
and a loose bar help prevent accumulations on the
313

GERMAN VITRIFICATION PROCESSES

1958.

Research and development on the vitrification of
radioactive wastes has been under way in Germany
for about 10 years. As in the U.S., several pro
cesses are being developed at several sites. The
vitrification process developed at Karlsruhe termed
VERA is the farthest advanced.

undergone both nonradioactive and radioactive engi
neering-scale testing with waste canisters 15 cm
diam by 1.5 m long. Nonradioactive tests were con
ducted in canisters up to 30 cm in diameter. To
increase melter capacity, annular canisters are be
ing considered along with other improvements in a
process termed HARVEST. This is a relatively sim
ple process; liquid waste and glass former are fed
directly into a heated canister where drying, cal
cination, and melting occur at 1000 to 1050°C. The
waste constituents thus melted are dissolved or dis
persed in the glass matrix. Solids entrained from
the melter and volatile constituents are removed
from the off-gas and returned in the feed stream.
The process canister, either cylindrical or annular,
is the final storage container.

The process involves three steps: liquid waste de
nitration, spray calcination, and melting to form
a glass casting. The denitration step uses formic
acid to destroy the free nitric acid and as much
of the fission product nitrates as possible before
calcining. This reduces ruthenium volatilization
from the solidification equipment to 0.01% of the
feedstock ruthenium. The VERA spray calciner shown
in Figure 5 is similar to conventional spray driers
used in the chemical industry except that the 600°C
steam used for drying is recycled to reduce efflu
ents. Sintered stainless steel filters like those
used in the Battelle processes are used for primary
calcine deentrainment. To reduce filter head loss,
20 wt% of the required amount of glass additive
(Si0g) is mixed with the liquid waste prior to
calcining.

Since that time a process named FINGAL has

The proposed HARVEST vitrification process employs
annular storage canisters, up to 1.2 m diam by
2.4 m long, as melting crucibles. It is estimated
that three parallel 30-cm diam melters could vit
rify the waste from a 5 tonne/day fuel reprocessing
plant. However, fewer large annular canisters will
be required.

A pilot-scale, nonradioactive facility has been op
erated at Karlsruhe since 1970. All major compo
nents, the denitrator, the spray calciner, and the
induction-heated Inconel 600 melter, are conven
tional designs, modified somewhat for use in the
VERA process. Waste solidification facilities will
be required in the Federal Republic of Germany in
the early 1980's, and development is proceeding to
that end.
An alternative glass packaging technique called
PAMELA is being developed at Julich, Germany. In
this process, liquid waste, converted to small
glass granules about 3 mm in diameter, is incorpo
rated in a metal matrix. Bench-scale radioactive
testing of this process was conducted, and plans
call for a large-scale demonstration in the early
1980's.
BRITISH VITRIFICATION PROCESS
Research on vitrification of radioactive wastes
has been under way in the United Kingdom since

FIGURE 5.
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German VERA Vitrification Process

The developmental program for the HARVEST process
calls for building a nonradioactive prototype at
Windscale, England, in 1980 followed by a fullscale radioactive demonstration plant in the mid
1980's.

product with low surface area, few fine particulates,
and good chemical durability is thus desired.
LEACH RESISTANCE
High-level waste glass formulations have been devel
oped which demonstrate very low leach rates. Spe
cific leach rate values depend much on the type of
test and conditions used. A procedure, the Soxhlet
leach test, has been done to compare various mate
rials with waste glasses in distilled water at 99°C.
Figure 6 shows some results of this test. Typical
waste glass has a leach rate between that of gran
ite and Pyrex laboratory glassware. Common bottle
glass and marble exhibit similar chemical durability.

A similar rising level glass process has been se
lected for immobilization of HLW from the Tarapur
reprocessing plant in India. Developmental work
on a rising level glass process has also been done
in the U.S., in nonradioactive studies at Oak Ridge
National Laboratory and in one fully radioactive
engineering-scale demonstration run at PNL.
CANISTER POST-FILL TREATMENT
Design of HLW canisters must be compatible with re
quirements imposed by handling, interim storage,
transportation, and Federal repository considera
tions. Currently many requirements are undefined
but are being resolved.

PYREX
WASTE GLASS
GRANITE

An important aspect of HLW solidification, common
to all processes, is the canister post-fill treat
ment. The major required operations involve seal
ing and decontaminating the canister. Other postfill operations can be employed for either routine
or nonroutine quality control. These include calo
rimetry, radiation profilometry, nondestructive
wall thickness measurement, leak checking, and over
packing. Annealing of vitreous waste forms could
also be included as a post-fill operation.
PRODUCT CHARACTERISTICS
The major emphasis of most processes has been on a
vitrified or glassy waste form. Glass offers many
attractive features for containing the wastes. Due
to its random structure, glass is well suited for
incorporating the wide variety of elements in HLW
into a durable material. Many components of the
wastes, particularly the rare earths and zirconium
are desirable additives to the glass compositions
because they enhance its durability. Other compo
nents of the waste such as alkali are required in
glass formulation to allow processing at moderate
temperatures. Thus glass formulations containing
up to 40% waste can be produced.
Actions of wind and water are the major mechanisms
whereby waste can enter the biosphere. A waste
31 5
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FIGURE 6. Comparative Chemical Durabilities
IMPACT RESISTANCE
Glass is commonly considered to be easily broken by
(2)
impacts or by thermal shock. However, tests' ' con
ducted to determine waste behavior in either of
these situations show that canisters of glass are
quite .resistant to both.
Impact tests were made with half-scale canisters of
simulated waste glass dropped 9 m onto concrete.
These tests have shown that less than 3% of the
glass is fractured and only ^0.001% of the glass
was in the easily dispersible fraction (less than
10 urn). Figure 7 is a photograph taken after cut
ting away part of a canister which did not rupture
from impact.
Thermal shock tests have shown that removing a
molten canister of glass from the furnace and let
ting it air cool will increase the surface area by
a factor of about 12. This was determined in a

The major thermal effects on glass are devitrifica
tion and phase separation. Devitrification is
basically the growth of crystals from the metasta
ble glass matrix at temperatures 500 to 900°C. If
controlled, this process can improve strength and
impact resistance,as evidenced by "Corning Ware."
Devitrification is undesirable if the crystals be
come large and differ greatly in thermal expansion
from the residual glass. This difference in ex
pansion rates can cause cracking during cooling.
The growth of crystals in the glass may also de
plete the glass of stabilizing components, thus in
creasing its leach rate. However, current results
of an extensive study show that devitrification is
not a major problem in waste glass. Samples are
currently being examined which have been stored at
various temperatures for up to one year. The worst
effect noted to date has been an increase in cor
rosion rate of about a factor of 10 for samples
held near 750°C. Temperatures this high for ex
tended periods are unlikely.
CONCLUSIONS

FIGURE 7. Half-Scale Glass Canister After 30-Foot
Edge-on Drop onto Concrete

Much of the technology described here has been de
veloped to a stage ready for full-scale plant de
sign for use by a nuclear fuel reprocessor. A
vigorous U.S. program under ERDA sponsorship is in
tended to bring this about. It includes not only
demonstration of solidification equipment but also
development and full characterization of a safe
waste form.

series of tests with 15-cm-diam canisters. Larger
canisters are expected to fracture less due to the
larger thermal inertia.
RADIATION AND THERMAL EFFECTS
In storage the glass waste form may be subject to
(3)
both radiation damage' ' and devitrification, both
of which have been shown to produce only a minor
effect. The chief radiation damage effect is a
result of atoms in the glass matrix being displaced
by alpha decay recoil nuclei. The atoms then have
stored energy which if released can heat the glass.
244
Substituting
Cm for all actinides in the glass
so accelerated radiation damage that after 2.5
years' radiation an alpha dose equivalent to over
20 centuries of storage was achieved. The extrap
olated results of the test show that even after a
million years' storage the stored energy will be
less than 35 cal/g, heating the glass by only about

Similar programs are under way in other countries
to demonstrate safe solidification and handling of
high-level waste.
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100°C if released instantaneously. However, in
creases of 500°C are required to release the
35 cal/g. Thus no problems are expected.
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